Background: Idiopathic pulmonary fibrosis (IPF) is a fatal respiratory disease characterized by aberrant fibroblast activation and progressive fibrotic remodelling of the lungs. Though the exact pathophysiological mechanisms of IPF remain unknown, TGF-β1 is thought to act as a main driver of the disease by mediating fibroblast-tomyofibroblast transformation (FMT). Recent reports have indicated that a metabolic shift towards aerobic glycolysis takes place during FMT and that metabolic shifts can directly influence aberrant cell function. This has led to the hypothesis that inhibition of lactate dehydrogenase 5 (LDH5), an enzyme responsible for converting pyruvate into lactate, could constitute a therapeutic concept for IPF. Methods: In this study, we investigated the potential link between aerobic glycolysis and FMT using a potent LDH5 inhibitor (Compound 408, Genentech). Seahorse analysis was performed to determine the effect of Compound 408 on TGF-β1-driven glycolysis in WI-38 fibroblasts. TGF-β1-mediated FMT was measured by quantifying α-smooth muscle actin (α-SMA) and fibronectin in primary human lung fibroblasts following treatment with Compound 408. Lactate and pyruvate levels in the cell culture supernatant were assessed by LC-MS/MS. In addition to pharmacological LDH5 inhibition, the effect of siRNA-mediated knockdown of LDHA and LDHB on FMT was examined.
Background
Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease of unknown aetiology characterized by progressive fibrosis of the lung parenchyma and lung function decline [1] . Following the approval of Nintedanib and Pirfenidone, a reduction in the rate of disease progression can now be achieved in many patients, however IPF remains inevitably fatal and patients face a poor prognosis with a median survival time of only 2-3 years from the time of diagnosis [1] [2] [3] .
While the exact pathophysiological mechanisms of IPF remain unknown, recent evidence suggests that various environmental exposures in combination with age-related and genetic predisposition result in a susceptibility to abnormal wound healing in response to repetitive alveolar epithelial cell micro-injuries [4] [5] [6] . According to the current view, the abnormally activated alveolar epithelium secretes mediators that stimulate uncontrolled fibroblast proliferation and excessive extracellular matrix formation in the lung interstitium, resulting in scarring and loss of lung function [6] [7] [8] . Among the variety of likely secreted mediators, transforming growth factor-beta (TGF-β) is considered to be the major cytokine that induces the exaggerated matrix deposition within the IPF lung, mainly through fibroblast recruitment and transformation [6, 9, 10] . Following activation by TGF-β or other pro-fibrotic stimuli, fibroblasts differentiate to myofibroblasts, which secrete excessive amounts of collagen-rich extracellular matrix and thereby constitute the primary pathologic fibroblast phenotype in IPF [11] [12] [13] .
Recent reports have indicated that metabolic reprogramming during myofibroblast differentiation could play a role in the pathogenesis of IPF [14] [15] [16] [17] [18] . Aberrant cellular metabolism has been linked to a variety of human diseases. For instance, it has long been known that cancer cells undergo a glycolytic reprogramming under normoxic conditions [19] . A similar type of metabolic shift towards aerobic glycolysis has recently been suggested to play a role in fibrosis, after levels of lactic acid and glycolytic intermediate metabolites were found to be increased in IPF lungs [7, 15, 20] . Xie et al. have shown that lung fibroblasts demonstrate augmented glycolysis and an upregulation of glycolytic enzymes during TGF-β-induced myofibroblast differentiation in vitro and suggested glycolytic inhibition as a potential therapeutic approach in IPF [14] . In accordance, it has been reported that lactate dehydrogenase 5 (LDH5) might play a role in TGF-β-induced myofibroblast differentiation [15, 18] .
Due to increasing evidence, that metabolic reprogramming and elevated lactic acid concentrations might play an important role in the pathogenesis of IPF, pharmacologic LDH5 inhibition has emerged as a potential strategy to inhibit myofibroblast differentiation in IPF. Recently, Kottmann et al. have reported that the natural nonselective LDH inhibitor Gossypol as well as genetic knockdown of LDHA (gene name of protein subunit of LDH5) expression could inhibit TGF-β-induced myofibroblast differentiation in human lung fibroblasts [21] . However, Gossypol, which can be extracted from the pigment glands of the cotton plant and has also been investigated as a potential anti-cancer drug, has been shown to demonstrate high unspecific cytotoxic and genotoxic effects in a multitude of mammalian cell types due to its structural characteristics [22] [23] [24] [25] [26] [27] [28] [29] .
In the last couple of years, there has been a substantial increase in publications and filed patents describing small molecule LDH inhibitors from both pharma companies and academic groups reflecting the ongoing interest in this target [24, 30, 31] . In spite of this progress regarding the number of available LDH inhibitors, many compounds still lack an optimal alignment of cell activity, selectivity and acceptable physicochemical properties. The only LDH inhibitor that was so far reported to be capable of modulating LDHA activity both in vitro and in vivo was recently published by Genentech [32] .
In this study, we aimed to investigate the potential link between aerobic glycolysis and myofibroblast differentiation using Tool Compound 408, a potent LDH5 inhibitor that was previously described in a Genentech patent (WO 2015/140133 A1).
Methods

Synthesis of compound 408
LDH5 inhibitor Compound 408 was synthesized according to the procedures described in patent WO 2015/ 140133 A1. Purification of Compound 408: The final crude compound was purified by silica gel column chromatography (eluent: MeOH:dichloromethane = 1:100) to provide compound 408 as a colourless solid. For details see Additional file 1 : Figure S1 .
NHLF culture conditions
Primary human lung fibroblasts (Lonza, Walkersville, MD, USA) were grown in fibroblast basal medium (FBM) (CC-3131, Lonza Walkersville, Inc., Walkersville, MD, USA) supplemented with FGM-2 SingleQuot Kit Supplements & Growth Factors (CC-4126, Lonza) at 37°C and 5% CO 2 . Cells were passaged maximum 10 times before use.
NHLF α-SMA Western blot replacement assay and cytotoxicity assay 4000 primary human lung fibroblasts were seeded per well for α-SMA Western blot replacement and cytotoxicity assays. Determination of α-SMA expression was performed as previously described [33] FMT quantification by visual α-SMA and fibronectin analysis FMT quantification was carried out similarly as previously described [34] . Primary human lung fibroblasts were plated in a poly-D-lysine coated 384 CellCarrier microtiter plate from PerkinElmer in fibroblast basal medium (FBM) with FGM-2TM Single Quots (Lonza) at a density of 1000 or 2000 cells per well for compound or siRNA testing, respectively. After 24 h, the medium was replaced by the same medium containing no (compound) and 0.1% (siRNA) foetal calf serum (starvation medium). 48 h after cell seeding fibroblast to myofibroblast differentiation was initiated by replacing the starvation medium with starvation medium containing a mixture of Ficoll 70 and 400 (GE Healthcare; 37.5 mg/mL and 25 mg/ mL, respectively), 200 μM vitamin C and 5 ng/ mL TGF-β1 [35] . Compounds were added 30 min before the addition of TGF-β1 in medium containing 0.1% DMSO. After 72 h the cell culture medium was removed and cells were fixed with 100% ice-cold methanol for 30 min. Next, cells were washed with PBS, permeabilised for 20 min using 1% Triton-X-100 (Sigma), washed and blocked for 30 min with 3% BSA in PBS. After an additional wash step, cell nuclei were stained using 1 μM Hoechst 33342 (Molecular Probes) and alpha smooth muscle actin (α-SMA) and collagen I were stained using monoclonal antibodies (Sigma: A2547 and SAB4200678, each 1:1000 diluted). For detection of primary antibodies, cells were washed and incubated for 30 min at 37°C with AF647-goat-anti-mouse IgG2b (α-SMA) and AF568goat-anti-mouse IgG1 (collagen I) antibodies. After removal of secondary antibodies, cells were stained with HCS Cell Mask Green stain (Invitrogen, 1:50000). Following a final wash step, images were acquired in a GE Healthcare InCell 2200 Analyzer, using 2D-Deconvolution for nuclei (Hoechst channel), cells (FITC channel), α-SMA (Cy5 channel) and collagen I (TexasRed channel), and images were transferred to Perkin Elmer's Columbus Image Storage and Analysis system.
Image analysis was performed similar to a previously published analysis image protocol based on the IN Cell Developer Toolbox 1.9.1. [34] Briefly, using the building blocks of Perkin Elmer's Columbus Image Analysis system, first nuclei acquired with the Hoechst channel were detected using the building block (BB) "nuclei". Second, cells were defined with the BB "find cytoplasm" from the FITC channel. α-SMA fibres and collagen I area were defined by two individual BBs "find simple image region" based on images acquired in the Cy5 and TexasRed channels, respectively. Both α-SMA fibers and collagen I readouts were normalized to the number of cells per image field. Total number of cells, number of fibre-like α-SMA structures/cell and total collagen area/total number of cells were used as parameters to quantify effects of siRNAs and compounds.
Analysis of lactate and pyruvate by LC-MS/MS
Primary human lung fibroblasts were cultured and stimulated with 5 ng/ mL TGF-β1 and different concentrations of Compound 408 as described above in the FMT quantification assay. 72 h after TGF-β1 treatment the culture medium was collected and 10 μL cell supernatant was diluted in 190 μL acetonitrile and centrifuged at 18000 g for 10 min at 4°C. For quantification purposes an external calibration was prepared in acetonitrile for lactate (R2 = 0.998) and pyruvate (R2 = 0.999). Both lactate and pyruvate levels from cell culture supernatants were determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS) system. An Agilent 1290 Infinity II Multisampler equipped with an Agilent 1290 Infinity II High Speed Pump (Waldbronn, Germany) was coupled with an ABSciex 6500+ Triple Quad mass spectrometer (MS) (Darmstadt, Germany). Instrument control, data acquisition and processing were performed using the Analyst 1.6.3 software.
A method described by Zhang et al. was applied and modified. [36] The LC-MS/MS system was equipped with an ACQUITY UPLC BEH Amide column (2.1 × 150 mm, 1.7 μm), eluent A (50% acetonitrile/50% H2O) and eluent B (95% acetonitrile/5% H2O), both supplemented with 20 mM ammonium acetate and 20 mM ammonium hydroxide (pH 9) in the aqueous phase respectively. 5 μL of sample was injected at a flowrate of 0.4 mL/ min and a column temperature of 60°C. The analytes were separated within a 8 min gradient as following: 0-1 min 100% eluent B; 1-2 min 100-70% eluent B; 2-3.5 min 70% eluent B; 3.5-4.5 min 70-0% eluent B; 4.5-5.5 min 0% eluent B; 5.5-6 min 0-100% eluent B and a reconditioning at 100% eluent B for 2 min. The Triple Quad MS was operated in negative electrospray mode acquiring the following transitions: lactate quantifier 89.0/43.0 at DP = − 50 and CE = − 15; lactate qualifier 89.0/71.0 at DP = − 50 and CE = − 15 and the pyruvate quantifier 86.8/42.9 at DP = − 50 and CE = − 15. Ion source temperature was set at 500°C, the ion spray voltage at − 4.5 kV, ion source gas 1 and ion source gas 2 both at 50 psi and the curtain gas at 40 psi. All chemicals and references were purchased from Sigma-Aldrich (Taufkirchen, Germany).
Seahorse analysis
Eight thousand WI-38 cells (passaged not more than 10 times after thawing) per well were seeded into a Seahorse XF96 plate (EMEM, 10% heat-inactivated FBS, 1% MEM non-essential amino acid solution, 1% GlutaMAX-I) and left for 1 h at room temperature before incubation at 37°C, 5% CO 2 for 24 h. After visual inspection by light microscopy, cells were washed twice with starvation medium (EMEM) and kept in starvation medium at 37°C, 5% CO 2 for 24 h. After starvation, cells were treated with fresh starvation medium with or without 5 ng/ mL TGF-β1 and compound or vehicle (DMSO). A symmetrical plate layout was used that minimizes edge effects and optimizes assay robustness (Additional file 1: Figure S2 ). The edge wells were excluded for data analysis. For analysis of glycolysis parameters, Seahorse assays were performed according to the manufacturer's instructions of the Seahorse Bioscience XF cell glycolysis stress test kit (#103020-100). Assays were performed in the presence of compounds (vehicle DMSO) and after visual inspection of the cells by light microscopy. During the assay cells were treated with 10 mM Glucose, 1.25 μM Oligomycin and 50 mM 2-Deoxyglucose. Mixing time was 3 min and measure time 4 min over a period of 3 cycles each.
Results
TGF-β1 induces a metabolic shift in human lung fibroblasts towards higher energy expenditure
To confirm previous observations that TGF-β signalling augments glycolysis in human lung fibroblasts, we performed Seahorse analysis of WI-38 human lung fibroblasts. After starvation, WI-38 cells were treated for 24 h with 5 ng/ mL TGF-β1 and the extracellular acidification rate and the oxygen consumption rate were measured. TGF-β1 treatment of WI-38 lung fibroblasts resulted in increased glycolysis (glucose-induced increase in extracellular acidification rate; ECAR) and glycolytic capacity (Oligomycin-induced ECAR), consistent with enhanced aerobic glycolysis (Fig. 1a) . This corresponded with elevated oxygen consumption under non-glycolytic (prior to glucose addition) and glycolytic conditions, indicative of enhanced overall energy expenditure (Fig. 1b ).
An LDH5 inhibitor (Compound 408) reduces basal and TGF-β1-driven glycolysis
Subsequently we aimed to determine the effect of a previously described LDH5 inhibitor, Compound 408 (Genentech), on basal as well as TGF-β1-driven glycolysis in lung fibroblasts. For this, WI-38 fibroblasts were simultaneously stimulated with 5 ng/mL TGF-β1 and rising concentrations of Compound 408 for 24 h before the cells were analysed by Seahorse. As expected, Compound 408 dose-dependently inhibited glycolysis, glycolytic capacity and glycolytic reserve in untreated and TGF-β1-treated WI-38 lung fibroblasts, with a mean IC50 of 0.6 μM for the glycolytic capacity and 4.5 μM for glycolysis for TGF-β1-treated cells (Fig. 2a, b , c; Additional file 1 : Figure S3 ). To exclude glycolysis-independent effects of Compound 408, non-glycolytic acidification (ECAR prior to addition of glucose) was measured and no significant changes were observed (Fig. 2d) . To assess whether Compound 408 negatively affects cell viability, we performed a CyQuant Direct Cell Proliferation Assay and a LDH Cytotoxicity Detection ELISA in normal human primary human lung fibroblasts. No dose-dependent decrease in cell viability was detected after 48 h of treatment,
A) B)
Fig 
LDH5 inhibition does not inhibit fibroblast-tomyofibroblast transformation (FMT)
We next sought to test the hypothesis that inhibition of LDH5 decreases fibroblast-to-myofibroblast transformation (FMT) [14] [15] [16] [17] . NHLFs were treated with 5 ng/ mL TGF-β1 in the presence of Compound 408 and FMT was measured utilizing a semi-automated high-content analysis script by quantifying the number of α-smooth muscle actin (α-SMA) fibrils per fibroblast following immuno-fluorescent α-SMA staining, as well as by quantifying fibronectin staining [34, 35] . Representative images of stained α-SMA fibres in primary human lung fibroblasts following 72 h stimulation with TGF-β1 and different concentrations of Compound 408 are shown in Fig. 3a . The number of cell nuclei was not affected by Compound 408 treatment, even at high concentrations, indicating no impairment of cell viability (Fig. 3b) . Compound 408 failed to decrease fibronectin and α-SMA expression in primary human lung fibroblasts, demonstrating that selective LDH5 inhibition does not impact FMT (Fig. 3c, d) . Repetition of the primary human lung fibroblasts FMT assay with lower concentrations of TGF-β1 (2 ng/ mL and 1 ng/mL) showed similar results (Additional file 1 : Figure S5 ). In addition to visually measuring FMT as described above, we measured lactate secretion in primary human lung fibroblasts cell culture media following stimulation with TGF-β1 and different concentrations of Compound 408 for 72 h to verify whether inhibition of lactate production by Compound 408 in primary human lung fibroblasts is maintained after prolonged stimulation periods. Lactate measurements revealed that Compound 408 dose-dependently inhibited TGF-β1 mediated lactate production in primary human lung fibroblasts efficiently throughout the 72 h stimulation, while also increasing pyruvate concentration ( Fig. 3e ; Additional file 1 : Figure S6 ).
To further validate our findings utilizing an alternative FMT quantification method, we performed α-SMA MSD ELISA in primary human lung fibroblasts treated with TGF-β1 and rising concentrations of Compound 408 for 48 h (Additional file 1 : Figure S4C ). In line with our previous results, Compound 408 failed to decrease α-SMA protein expression in primary human lung fibroblasts.
A) B)
C) D) Previously it has been shown that the naturally occurring compound Gossypol and its derivatives can inhibit glycolysis and FMT [21, 24] . We therefore tested the effect of the Gossypol as an alternative LDH5 inhibitor on FMT in primary human lung fibroblasts utilizing the aforementioned visual semi-automated high-content FMT assay. While Gossypol treatment dose-dependently reduced the detected α-SMA, this was accompanied by a decrease in the number of nuclei with rising concentrations of Gossypol, an effect we did not observe for Compound 408 even at high concentrations (Additional file 1: Figure S7 ). Our data suggest that while inhibition of glycolysis in itself is not cytotoxic, the apparent anti-fibrotic effects of Gossypol could, at least in part, be explained by its cytotoxicity in our experimental setting.
siRNA-mediated LDHA knockdown has no inhibitory effect on FMT
In an alternative approach, we investigated the effect of LDH inhibition on FMT in primary human lung fibroblasts by inhibiting LDHA and LDHB expression through siRNA treatment. Primary human lung fibroblasts were treated with siRNAs against LDHA and LDHB followed by TGF-β1 stimulation. After 72 h α-SMA fibres and the numbers of nuclei were visually analysed. Knockdown efficiency was confirmed by qRT-PCR (Additional file 1 : Figure S8 ). Similar to the limited influence of Compound 408, siRNA-mediated knockdown of LDHA (gene name of protein subunit of LDH5) in primary human lung fibroblasts had no effect on TGF-β1-induced FMT (Fig. 4a, c) . Although LDH5 is reported to be the predominant isoenzyme involved in the production of lactate from pyruvate, we also investigated the contribution of LDHB. Knockdown of LDHB also failed to inhibit FMT (Fig. 4d, f ) . Additionally, combined knockdown of both LDH subunits produced no significant change in α-SMA fibre formation (Fig. 4g, i) . Cell viability remained unaffected by all knockdown approaches, as evidenced by consistency in cell nuclei numbers (Fig. 4b, e, h ).
Discussion
In this study, we investigated the potential link between aerobic glycolysis and myofibroblast differentiation in human lung fibroblasts using the LDH5 inhibitor Compound 408. We found that selective LDH5 inhibition in primary human lung fibroblasts attenuates metabolic shifts towards aerobic glycolysis upon TGF-β1 stimulation but has no effect on FMT. We performed Seahorse analysis in human lung fibroblasts and, in accordance with previous publications, we observed that TGF-β1-induced myofibroblast differentiation is accompanied by an increase in glycolysis and oxygen consumption under non-glycolytic and glycolytic conditions [14, 16, 17] . We next investigated the potential causality between aerobic glycolysis and myofibroblast differentiation. The aforementioned results indicate that shifts in metabolism towards aerobic glycolysis alone do not appear to be a significant stimulus for FMT. Our findings thereby contradict the current hypothesis in the field that myofibroblast differentiation in IPF is driven by glycolytic dysregulation and that LDH inhibition may represent a potential therapeutic approach for the disease [14] [15] [16] . However, this does not rule out the anti-fibrotic potential of LDH5 inhibition in other cell types, as highlighted by the ability of compound 408 to reduce tumor cell growth and proliferation [32] , which may suggest a wider role in cellular proliferation and aberrant wound-healing that is associated with IPF. Furthermore, LDH5-dependent processes in other cells types may indirectly contribute to the myofibroblast pool through pro-fibrotic secretions or directly via the cell transformation such as epithelial-mesenchymal transition, as seen in cancer studies [37] [38] [39] [40] .
Previous reports stated that Gossypol, a natural nonselective LDH inhibitor, decreased TGF-β-induced FMT in primary human lung fibroblasts and radiation-induced pulmonary fibrosis in mice [21, 41] . However, Gossypol has long been known to influence a broad range of cellular functions due to its chemical structure and to have profound cytotoxic side effects [23, 24] . In their recent study, Kottmann et al. described a significant decrease of TGF-β-induced FMT in fibroblasts treated with 5 μM or 10 μM Gossypol and attributed this effect to Gossypol mediated LDH5 inhibition. In our study, we observed a severe decrease of primary human lung fibroblasts cell viability at 10 μM Gossypol, consistent with previous observations in WI-38 human embryonic lung fibroblasts [21, 25] . This indicates that the previously described decrease in FMT markers after Gossypol treatment may not be a direct effect of LDH5 inhibition.
It has been suggested in the literature that Gossypol might also exert its apparent anti-fibrotic effects through the inhibition of other LDH isoforms. To exclude a contribution of other isoforms, we performed siRNA-mediated knockdown in primary human lung fibroblasts and showed that neither LDHB-, nor LDHA-depletion, nor a combined knockdown of both genes had any significant inhibitory effect on TGF-β1-induced FMT. In consideration of these observations, it is possible that the previously described anti-fibrotic effects of the natural compound Gossypol might be attributed to an alternative LDH-unrelated mechanism of action.
Conclusions
In this study we show for the first time, that LDH5 inhibition in human lung fibroblasts by a potent small molecule inhibitor (Compound 408) reduces aerobic glycolysis and lactate production, but does not affect TGF-β1-mediated fibroblast-to-myofibroblast differentiation. Based on our findings, we conclude that a LDH5-dependent metabolic shift towards aerobic glycolysis alone is not the key driver of FMT in human lung fibroblasts as we failed to observe a direct link between glycolytic regulation and TGF-β1-mediated FMT. Thus, we assume that an LDH5-dependent shift in cell metabolism is unlikely to be solely responsible for myofibroblast differentiation in the fibrotic lung. The results of our study add an important aspect to our understanding of the myofibroblast phenotype in the fibrotic lung and imply that further exploration of metabolic dysregulation in IPF beyond changes in glycolysis should be performed for more promising treatment strategies [42] . Our observations will thereby have implications on the design of future studies aiming to develop novel therapeutic concepts for IPF. 
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